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Abstract: We suggest a new type of grating reflector denoted hybrid
grating (HG) which shows large reflectivity in a broad wavelength range and
has a structure suitable for realizing a vertical cavity laser with ultra-small
modal volume. The properties of the grating reflector are investigated
numerically and explained. The HG consists of an un-patterned III-V
layer and a Si grating. The III-V layer has a thickness comparable to the
grating layer, introduces more guided mode resonances and significantly
increases the bandwidth of the reflector compared to the well-known
high-index-contrast grating (HCG). By using an active III-V layer, a laser
can be realized where the gain region is integrated into the mirror itself.
© 2014 Optical Society of America
OCIS codes: (050.2770) Gratings; (140.7090) Ultrafast lasers; (230.4040) Mirrors; (050.6624)
Subwavelength structures; (230.5298) Photonic crystals.
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1. Introduction
Recently, high-index-contrast gratings (HCGs) also known as photonic crystal mirrors (PCMs)
have received increased attention due to their special characteristics. Among them, the capa-
bility of providing high reflectivity over a broad wavelength range makes the HCG an attrac-
tive alternative to distributed Bragg reflectors (DBRs) in vertical cavity devices, in particular
in vertical-cavity surface-emitting lasers (VCSELs). The reflectivity of an HCG with several
hundred nanometers thickness is as high as that of a DBR with thickness of several microme-
ters [1, 2]. Huang et al. [3] and Boutami et al. [4] independently demonstrated VCSELs with a
HCG as a reflector. Since then, various novel vertical-cavity laser structures employing the
HCG have been reported, demonstrating MEMS-based wavelength tunability [5, 6], strong
single-transverse-mode operation [7], and integration with an SOI wafer [8, 9]. Another in-
teresting feature that might be integrated to VCSELs is the possibility of beam steering or
focusing [10,11]. So far, there has been significant theoretical efforts to explain the mechanism
responsible for the broadband nature of reflectivity spectrum. These can be separated into two
groups: one based on in-plane leaky modes above light line [12–14] and the other based on
vertically-propagating Bloch modes [15,16]. A requisite common to all the literature is that the
grating should be surrounded by low refractive index materials, as shown in Fig. 1(a), so as to
provide broad bandwidth, e.g., larger than 100 nm.
In this paper, we suggest a new grating reflector structure that does not rely on this requisite.
As shown in Fig. 1(b), the new structure, denoted hybrid grating (HG), consists of a grating
layer and a high-refractive-index cap layer. The cap layer can be even thicker than the grating
layer. In the context of second-order diffraction gratings, waveguides with shallow gratings are
known to exhibit a narrow-band high reflectivity [13], but no structure with deep grating has
been reported for broadband high reflectivity. The suggested HG has several interesting proper-
ties. The HG can provide high reflectivity over a larger bandwidth compared to the HCG. The
reflection process in the HG is discussed using two conceptually different approaches, i.e., the
leaky mode picture and the Bloch mode picture. The incident angle dependence of reflectivity,
penetration depth, and fabrication tolerance are investigated as well. Furthermore, possibility
of the cap layer including an active material like quantum wells (QWs) or quantum dots (QDs),
enable new and very compact laser and photodetector designs. The expected benefits of such
device designs are discussed.
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Fig. 1. (a) and (b) show schematic cross-sectional views of an HCG and an HG, respec-
tively. In both cases a plane wave is incident from the top in the surface normal direction
and similar results can be obtained for incident light from bottom. ni and ti represent re-
fractive index and thickness of each part, respectively. Λ and f denote the periodicity and
duty cycle of the grating. (c) and (d) are dispersions of leaky modes (blue curves) and re-
flectivity spectra (green curves) for the HCG and the HG, respectively. k0 = 2π/λ0, and β
is the real part of propagation constant of a leaky mode. The red curves show the appeared
resonance due to individual GMRs which will overlap to make the total reflectivity spectra
(green curves)
2. Simulation method and results
We have developed an in-house three-dimensional (3D) vectorial simulator based on rigorous
coupled wave analysis (RCWA) method [17–20]. Our simulator can handle absorbing bound-
ary conditions for simulation of finite structures as well as periodic boundary conditions. For
the studies in this paper, a two-dimensional (2D) simulation setup with periodic boundary con-
dition in x direction is used to obtain reflectivity spectra and field profiles. For simplicity, it is
assumed that the materials are lossless and non-dispersive, which is a good approximation in
the wavelength range of our interest. In this method, firstly the Bloch modes of each layer prop-
agating along the z direction are calculated by solving an eigenvalue problem based on Fourier
expansion of the fields and permittivity [17, 18]. Then, the field in each layer is expressed as
a summation of these Bloch modes with unknown coefficients. Involving boundary conditions
at layer interfaces and the scattering matrix method (SMM) [19], the unknown coefficients
are determined. In all our simulations, transverse magnetic (TM) polarized light, i.e., electric
field perpendicular to the grating bars is considered. Analogously, one may design a broadband
reflector for transverse electric (TE) polarized light by changing structure dimensions.
Schematic cross-sectional views of an HCG and an HG are shown in Figs. 1(a) and 1(b),
respectively. To investigate the effect of the cap layer in the HG, the same grating parameters
are used for HG and HCG. The parameter values used in the simulation are given in the caption
of Fig. 2. Since the grating parameters are chosen to provide a flat high-reflectivity plateau
for the HCG, the HG structure may not give a perfectly flat reflectivity plateau. As noticed in
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Fig. 2. Reflectivity and transmissivity spectra of (a) conventional HCG and (b) HG. Grating
parameters common for HCG and HG are Λ=720 nm, tg=497 nm, f =45 %, nh=3.48, nl=1.0,
n1=1.0, and n2=1.0. Cap layer parameters for HG are tc=370 nm and nc=3.166. Parameter
symbols are defined in Fig. 1. (c) Incident angle dependence of reflectivity at 1550-nm
wavelength for HCG and HG. (d) Reflectivity phase spectra for HCG and HG.
‘hybrid’, the cap layer in the HG can be made of a different material than the grating: In the
considered HG, an InP cap layer on a Si grating layer is assumed.
Reflectivity and transmissivity spectra of the designed HCG and HG are shown in Figs. 2(a),
and 2(b), respectively. The dips in the transmissiviy spectra correspond to the guided mode res-
onances (GMRs) [14]. It can be observed that there are two GMRs in the high reflection band-
width of the HCG while there are four GMRs in the HG case which result in a high reflectivity
over significantly larger bandwidth compared to the HCG. For this example, Δλ/λ0 ≈ 12% in
the HCG structure, while Δλ/λ0 ≈ 30% in the HG structure, where Δλ is wavelength range
with reflectivity higher than 99% and λ0 is 1550 nm. As shown in Fig. 2(c), the HG has similar
incident angle dependence of reflectivity as the HCG, at the center of stop band, i.e., 1550-nm
wavelength. Furthermore, at the 1550-nm wavelength, the HG has a similar phase slope as the
HCG, which means both have a similar phase penetration depth [6]. Around 1620-nm wave-
length, there exists another penetration depth in HG. It is expected that the angle dependence
and phase spectra of the HG should be able to be engineered as in the HCG case.
The HG reflector has good tolerance to fabrication errors. During fabrication steps including
epitaxy growth, cap layer thickness, tc, grating thickness, tg, and grating width, f Λ may have ±
10 nm variations from designed values. Grating period, Λ can be relatively accurately defined.
To estimate the effect of fabrication variations in tc, tg, and f Λ on reflectivity, Monte Carlo
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Fig. 3. Fabrication tolerance analysis with 100 samples. Histogram distributions of (a) cap
layer thickness, (b) grating thickness, and (c) grating bar width. (d) Monte Carlo analysis
result for reflectivity.
analysis is performed. In this analysis, 100 samples each with different tc, tg, and f Λ values
are chosen. Each parameter value is chosen to un-correlated to each other and to have a normal
distribution with a probability density function of f (x) = 1
σ
√
2π exp(−
x−x0
2σ2 ) where x0 is the
value of designed parameter and 3σ is the fabrication error. We have assumed σ = 4 nm which
corresponds to ±12 nm error. Figures 3(a), 3(b), and 3(c) show the histogram distribution of
each parameter in the 100 samples chosen. Monte Carlo analysis result presented in Fig. 3(d)
shows that all HG samples have reflectivity above 99.7%, indicating the HG is tolerable to most
of probable fabrication errors.
If light is incident from the grating side, i.e., the bottom side in this example, the reflectivity
spectrum is the same as in Fig. 2(b) while the reflection phase spectrum becomes different.
3. Analysis of reflection mechanism
3.1. Leaky mode picture
In the leaky mode picture, the HCG is viewed as a slab waveguide with a periodic index mod-
ulation, also denoted as photonic crystal slab [12]. The broadband nature of the reflectivity is
understood as a result of GMRs between leaky band-edge modes of the grating slab and free-
space modes outside the grating slab. The band-edge modes are leaky since they are above the
light line in the band dispersion diagram. These GMRs can be viewed as Fano resonances be-
tween the discrete grating modes and the continuous free-space modes. As illustrated in Fig.
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Fig. 4. Contour plot of transmissivity in dB as a function of wavelength, grating thickness,
tg, and cap layer thickness, tc. In the upper graph, tg is increased from 0.497 μm to 1.997
μm while tc is zero. In the lower graph, tc is increased from 0 to 1.5 μm while tg is kept
to 0.497 μm. The white dashed line shows the cap layer thickness of the HG structure
considered in Fig. 2 and the circles indicate the wavelengths of the four GMRs.
1(c), HCGs have typically two GMRs, each from the two slab waveguide modes TM0 and TM1.
The reason why only one of two band-edge modes in TM0 (or TM1) gives rise to GMR is that
in the other band-edge mode, two counter-propagating modes of the grating slab cancel each
other [12]. By increasing the thickness of the HCG, as known from waveguide theory more
modes will be introduced.
Figure 4 shows a simulated transmissivity contour as a function of wavelength, grating layer
thickness, and cap layer thickness. Here, bright lines correspond to GMRs, i.e., excited band-
edge modes. In the HCG case (upper graph), as we expect, more modes are introduced as the
grating layer thickness is increased. The same trend is observed for the HG case (lower graph)
as the cap layer thickness is increased while the grating layer thickness is fixed. A difference
between the HG and the HCG structure is that for the HG structure good overlaps between
different modes can be provided due to cap layer: In the HCG structure, only two nearby band-
edge modes overlap while others are well separated. As a result, a broader high-reflectivity is
obtained in the HG case than in the HCG case.
The field amplitude of the 0-th harmonic in the cap layer is comparable to or higher than that
in the incident medium, i.e., air in the current example. Figure 5 shows decomposed harmonics
at the four GMR wavelengths indicated in Fig. 2. All propagating modes have almost all their
power in harmonics up to the second order. The round-trip optical path lengths of the 0-th
harmonics within the cap and grating layers can be found using the effective refractive indices
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Fig. 5. Magnetic field amplitude profiles in the HG, decomposed into 0-th (red), 1-st(blue),
and 2-nd(magenta) harmonics at different GMR wavelengths, λ : (a) λ=1340 nm. (b)
λ=1541 nm. (c) λ=1605 nm. (d) λ=1759 nm. Incident light is assumed to be from the
left.
of the layers multiplied by their thicknesses. They are approximately 2.5λ , 3.2λ , 3.5λ , and
3.7λ at λ=1759 nm, 1605 nm, 1541 nm, and 1340 nm, respectively. Note that at λ=1605 nm
and 1340 nm, the amplitudes of the 0-th harmonics are higher in the cap layer and grating than
in the incident medium. At these wavelengths, the round-trip path lengths are close to an integer
multiple of the wavelength, which result in weak accumulation of energy inside the cap layer
and grating similar to a Fabry Pe´rot cavity. At the other wavelengths, the amplitude of the 0-th
harmonic has comparable magnitude in the cap layer, grating and input medium.
3.2. Bloch mode picture
In the Bloch mode picture, the basis modes considered are the Bloch modes of a grating struc-
ture that is periodic in the x direction and infinite in the y direction [15]. Alternatively, this
structure can be seen as a coupled waveguide array [16]. It has been shown that only those
Bloch modes with a real propagation constant, β in z direction participate in the reflection pro-
cess [15,16]. For HCG structure, in the wavelength range of our interest, i.e., around 1550 nm,
there are only two propagating Bloch modes in the grating. Outside the grating, there is one
propagating free-space mode, i.e., the 0-th order harmonic. A signal flow graph (SFG) in Fig.
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Fig. 6. SFGs of the propagating modes in each layer for (a) HCG and (b) HG structure.
Black dots represent propagating modes at each layer. Red arrows denote the interactions
between the modes which take place at interfaces. Circular arrows mean self coupling (re-
flectivity of a mode to itself) at interfaces.
6(a) illustrates how these modes interact with one another at interfaces [21]. The broadband
reflection properties can be understood as the combined result of propagations of Bloch modes
within the grating layer and their reflection at the interfaces. Each dot which is called a node
correspond to a propagating mode. Interaction between modes are shown by arrows and called
branches which take place at interfaces. The circular arrow represents reflection of a mode back
to itself at the interface.
In the HG as well as in the HCG case, only propagating modes in the layers participate in
the reflection process. As shown in Fig. 6(b), there are two propagating modes in the grating,
several (three or five) propagating modes in the cap layer, and a propagating free-space mode
outside the HG structure. In homogeneous layers e.g. cap layer each mode corresponds to a
single spatial harmonic (or diffraction order) [17]. So in the input and output media, the only
propagating mode corresponds to 0-th harmonic (0-th diffraction order) and for the cap layer
due to the higher refractive index the three propagating modes correspond to 0-th and ±1-st
harmonics. Note that the ±1-st harmonics interact with the two Bloch modes in the grating
layer, but not with the 0-th harmonic in the air. Thus, it is expected that most of the power
coupled from the Bloch modes in the grating layer to the ±1-st harmonics is returned to the
Bloch modes with some phase change, not escaping from the HG structure. From this arguing, it
is qualitatively understandable that adding the cap layer introduces change in GMR wavelengths
but not in peak reflectivity.
Considering only the propagating modes in the different layers, the reflectiviy spectrum of
the HG can be reconstructed with a good approximation to rigorous RCWA result. Firstly,
as illustrated in Fig. 7(a), all evanescent modes with an imaginary propagation constant are
discarded in all layers. This simplifies the scattering matrices r1 and r2 at the interfaces and
the propagation matrix exp(− j2βd). Using these simplified matrices, the reflectivity, req from
the HG can be found from a matrix version of the well-known reflectivity formula for two
interfaces, as illustrated in Fig. 7(b).
req =
r1 + r2 exp(− j2βd)
1+ r1r2 exp(− j2βd) (1)
where 1 represents a unity matrix. In Fig. 7(c), the reflectivity spectrum obtained by this semi-
analytic approach is compared with the rigorous RCWA result, showing a good agreement,
especially in the high reflectivity region. This supports the explanation that high value of the
reflectivity and its broadband nature depends mainly on propagating modes.
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Fig. 7. (a) Schematic cross-sectional view of the HG with considered modes in each layer.
(b) The equivalent reflectivity from the two interface of the cap layer and grating. (c) Cal-
culated reflectivity spectrum of the structure shown in Fig. 2 using full RCWA (red solid
line) and with discarding non-propagating modes (blue dashed line). It shows a very good
agreement especially in the wavelength region with high reflectivity.
4. Potential for a new type of lasers and detectors
An interesting possibility with the HG is that the cap layer may include an active material such
as QWs or QDs. Using this active HG, one may implement a new type of vertical-cavity laser
structure where light is generated inside the mirror, rather than in the middle of a cavity. For
example, the new laser structure may consists of a passive mirror, a very thin passive cavity,
e.g., λ/2-air cavity, and an active HG reflector.
Compared to a conventional VCSEL structure, a laser structure employing an active HG can
achieve much higher confinement factor since the vertical cavity length can be considerably
shorter, thanks to the thin passive dummy cavity. Furthermore, the field amplitude enhancement
at the anti-node in the cap layer as discussed in relation to Fig. 5 contributes to further increase
of the confinement factor. This higher confinement factor, equivalently, smaller modal volume
may lead to higher modulation speed.
5. Conclusion
We have suggested a novel HG that consists of a sub-wavelength grating layer and an un-
patterned high-refractive-index cap layer. Numerical simulations show that the HG reflector
has a near-unity reflectivity in a broad bandwidth, surpassing that of a conventional HCG. It
has been revealed that the cap layer introduces more GMRs without loss of peak reflectivity
leading to this broader high-reflectivity bandwidth. We have also shown that this broadband
reflection properties originate mainly from propagating modes within the structure. Provided
an active material is included as part of the cap layer, a VCSEL structure with an ultra-compact
modal volume can be realized with a potential of very high modulation speed. Experimental
demonstration of the HG reflector will be reported elsewhere soon.
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